We investigat ed the blood velocity pro®le in the aortic annulus (AA) in two groups of domestic pigs using epicardial Doppler echocardiography. T he velocity pro®le skewness in terms of max=mean T VI (the ratio of maximal to cross-sectional mean time-velocity integral along the diam eter) was 1.107 0.01 in the small pigs (nˆ10; body weight: 24.6 0.8 kg) and 1.216 0.026 in the large pigs (nˆ8; body weight: 50.6 2.5 kg) (Pˆ0.002). T he velocity pro®le in the AA is more skewed in large animals than in small animals and the skewness in the larger anim als is similar to that in normal adult humans. T his study shows the importance of choosing animals of suf®cient size if¯ow method investigations are to be performed. T his is particularly im portant for ultrasound Doppler investigations based on a limited sam ple of velocities across the¯ow channel. (2003) 37, 72-80 C o rre spond e nc e to : Knut Ma tre Ph D, Institute o f Me dic in e, U niversity o f Be rgen, Ha uk ela nd Ho spital, NO-5021 Be rge n, No rw a y. E-m a il: k nut.m a tre @m ed .uib .no
Echocardiography has been used to noninvasively evaluate cardiac dimensions and their relation to body weight in dogs (Crippa e t a l. 1992) and in pigs (Gwathm ey e t a l. 1989). M-mode echocardiography has been used to show changes in the dim ensions of the heart relative to body weight during the ®rst year in growing pigs (Sisson & Schaeffer 1991 ) .
Although some studies used pulsed Doppler echocardiography and colour¯ow mapping (CFM ) for velocity measurements in dogs and minipigs (Brown e t a l. 1991, Konrad e t a l. 2000 ), little work has been carried out to investigate detai ls such as velocity pro®les and their relationship to body weight. T his is important because animals are extensively used for the evaluation of non-invasive¯ow methods agai nst invasive methods. Most frequently such studies are carried out using relatively small animals, typically dogs of 10± 25 kg body weight, and in general they give better agreem ent between methods measuring stroke volume and cardiac output than similar studies in man (Steingart e t a l. 1980 , Fisher e t a l. 1983 . One could argue that this may be caused by a¯atter blood velocity pro®le (similar velocities across the lumen) in these animals compared to adult humans.
Epicardial echocardiography gives the additional bene®t of improved resolution compared with transcutaneous applications because it operates at higher frequencies (Vedrinne e t a l. 1998 ) . Doppler methods have also im proved, enabling more detailed analysis of blood¯ow events in vessels, in native heart valves in pigs (Kim e t a l. 1994, Barbier e t a l. 2000 ) and in prosthetic heart valves in sheep (Jones & Eidbo 1989) .
Earlier evaluati on of different ultrasound Doppler methods for¯ow measurements in humans assumed a¯at¯ow velocity distribution in the left ventricular out¯ow tract (LVOT ) and in the aortic annulus (AA) (Ihlen e t a l. 1984, Lewis e t a l. 1984, Ditt man e t a l. 1987). In recent years, several studies have been conducted on the¯ow velocity pro®les (velocities along a chosen diameter) in the ascending aorta, AA and at different levels in the LVOT in humans. It is generally agreed that the velocity pro®le in the normal human AA and LVOT at rest is¯at but skewed (Rossvoll e t a l. 1991 , Kupari & Koskinen 1993 , Zhou e t a l. 1993, Sjo È berg e t a l. 1994, Kupari e t a l. 1995). Among these studies there is considerable disagreem ent about the degree of skewness. Different sampling of velocity with the Doppler method and different physiological conditions are believed to be the reason for this discrepancy.
Many fact ors may in¯uence the blood velocity distribution in the AA and LVOT. Among these are anat omical determinants such as the length of the LVOT and the septal curvat ure; as well as possible functional determinants such as left ventricular contraction patterns, including possible left ventricular twist (the apex rotat es with respect to the base of the heart). However one study has shown no in¯uence on the velocity pro®le in the ascending aorta in pigs with changes in ventricular contraction (Staalsen e t a l. 1993 ) . Septal curvat ure in the long axis view in normal humans has been found to in¯uence the velocity pro®le in the LVOT, but not signi®cantly in the AA (Rossvoll e t a l. 1991, Zhou e t a l. 1993). However, patients with localized basal septal hypertrophy have a more skewed pro®le in the LVOT than patients with a normal septum (Zhou e t a l. 1996) . Patients with aortic stenosis tend to have less skewed pro®les in the LVOT (Sjo Èberg e t a l. 1994, Zhou e t a l. 1995 ). In this patient category the skewness was positively related to the left ventricular ejection fraction (Zhou e t a l. 1995) .
In an earlier study we have shown in pigs (weight range 20±29 kg) that the velocity pro-®le in AA and LVOT in the long axis view was almost¯at (Zhou e t a l. 1997). T his is different from humans, which have a skewed velocity pro®le with the highest velocities along the anterior and septal side (Zhou e t a l. 1993 ). T hus the piglet is not a good model for detai led blood velocity pro®le studies in the AA and LVOT, where velocity sampling with ultrasound Doppler is performed in humans both for cardiac output measurement and for investigati on of valve dysfunction.
T his study was undertaken to investigate the effect of the anatom ical features of the LVOT on the velocity pro®le in the AA by analysing the pro®les in different groups of pigs of different body weights. T he hypothesis tested was that larger pigs have an anatom y closer to the adult human LVOT and should therefore have velocity pro®les closer to that found in the AA of adult humans.
Materials and methods
Anim a l a na e sth e sia a nd pre pa ra tio n Both series of experiments were conducted in pigs (Norwegian landrac e) at thoracotomy, and the procedures described were approved by the local responsible laboratory animal science specialist under surveillance of the Norwegian Animal Research Authority and registered by this Authority. Procedures carried out in Series 1 (mean body weight 24.6 kg) have been described previously (Zhou e t a l. 1997 ) , and the only difference in preparation, data aquisition and analysis compared with Series 2 (mean body weight 50.6 kg) described below was the measurement of cardiac output. In Series 1 pigs, this was carried out using the thermodilution technique and not the ultrasound transittim e technique as in Series 2.
Animals were fed with a standard commercial young pig meal twice daily. For pigs in Series 2, animals were starved for one day preoperatively, but were allowed free access to water up to 12 h before the surgical procedure. T he animals were housed under controlled temperature, lighting and humidity, and acclim at ized for at least 5 days. Eight pigs (Series 2, body weight 43.0±61.0 kg; mean 50.6 kg) were subjected to the following procedures.
Premedication consisted of ketam ine (Ketalar 50 mg=ml, Parke-D avis, Barcelona, Spain) 10±20 mg=kg, diazepam (Vival, 5 mg=ml, Apothekernes Laborat orium, Oslo, Norway) 10 mg and atropine (Atropine 1 mg=ml, Nycomed Pharm a, Oslo, Norway) 1 mg administered 30 min prior to the induction of anaesthesia. When sedated, anim als were manually ventilated with air, oxygen and iso¯urane (Forene, Abott , Queensborough, UK). Oral endotracheal intubation was performed with an elongated 6 mm (internal diameter) cuffed tube. In the operating theatre surgical anaesthesia was introduced and maintained by ventilation with iso¯urane (0.5±2.0 vol% ) in 50% oxygen in air using an anaesthetic ventilator (CAT O M32000, Dra Ègerwerk AG, Lu È beck, Germany) with a positive end expiratory pressure (3 mmHg) together with intravenous anaesthesia with fentanyl (Leptanal 50 mg=ml, Janssen, Beerse, Belgium ) 5±7 mg=h and midazolam (Dormcium 5 mg=ml, Hoffm an-La Roche, Basle, Switzerland) 3±4 mg=h.
Rectal tem perature was continuously monitored and the animals were placed on a heat pad in the supine position. Continuous infusion of Ringer's acetat e (10 ml=kg body weight=h) was given via an intravenous catheter in one ear vein. Surface ECG was recorded to monitor heart rate and rhythm. A catheter was introduced into the femoral artery via a skin incision in the groin. Intermittently, with a heparinized 1 ml syringe, arterial blood sam ples were drawn and immediatel y Po 2 , Pco 2 , pH, oxygen saturation and HCO ¡ 3 were monitored using an autom ati c blood gas system (AVL995 Hb, AVL List GmbH, Medizintechnik, Graz, Australia).
A catheter-tip pressure transducer (Millard MPC-500, Houston, T X, USA) was inserted through the femoral artery for measurement of the descending aortic arterial pressure and connected to a pressure monitor (ES2000, Gould Instrum ent Systems, Ohio, USA). A complete median sternotomy was performed. To monitor cardiac output, a 16 mm ultrasound transit-t ime probe was applied to the pulmonary artery and connected to a transit-time¯owmeter (CM-4000, CardioMed AS, Oslo, Norway).
End o f e xpe rim e nts
T he complete experiments lasted 4±5 h. In all experiments the heart was ®nally arrested with an intravenous injection of potassium chloride under continuous anaesthesia. All animals were destroyed according to the laboratory's routine.
Da ta a c q uisitio n
At least 20 min was allowed to obtain a steady state, and recording of the velocity pro®le in the left ventricular out¯ow tract was then carried out. A combined twodimensional echocardiographic and Doppler colour¯ow mapping instrument (CFM 800, GE Vingmed Ultrasound, Horten, Norway) was used. A 5 MHz annular array was applied directly to the heart and measurements on the exposed heart allowed optimal transducer positioning for recording of the velocity pro-®le. T his was achieved by obtain ing a long axis view of the AA by placing the transducer to the apex of the heart, and moving the transducer to obtain a minimal intercept angle between the longitudinal axis of the LVOT and the ultrasound beam.
Using similar settings of tissue image size and Doppler sam ple size on the Echo=Doppler instrument as in previous studies (Rossvoll e t a l. 1991, Zhou e t a l. 1993), sequentially 20 ms manually delayed Doppler colour¯ow maps (each recorded map delayed 20 ms from the previous) were recorded from consecutive cardiac cycles to cover the entire systolic period (see Fig 1) .
T he respirator was brie¯y stopped during 10±15 consecutive heart beats in end-expiration during this recording. T his was to avoid in¯uence of the forced respiration on the recorded velocity pro®le. T his short respirator shut-off did not result in any change in the haemodynam ics of the animal nor in animal re¯exes.
All data were transferred to the internal computer of the scanner for further analysis by commercially avai lable software (Echopac and Echodisp, GE Vingmed Ultrasound, Horten, Norway). A typical colour¯ow map and velocity pro®le in the AA are shown in Fig 1 (right panels) . Heart rat e, mean arterial pressure and cardiac output were recorded during the velocity data sampling. T he animals in Series 2 were used for further velocity pro®le measurements after the measurements described here were ®nished (m easurement of the velocity pro®le in the aorta).
Da ta a na lysis
To correct for the time distortion of Doppler colour¯ow maps due to the time taken to scan a sector, a previously validated timeinterpolation method was used (Samstad e t a l. 1989 (Samstad e t a l. , 1990 , Eidenvall e t a l. 1992, Zhou e t a l. 1993). T his method gives Doppler colour¯ow maps consisting of simultaneous velocities within the sector, and this colour ow map is superimposed on the corresponding tissue im age. At the level of the AA a line was drawn perpendicular to the Left: Top, two dimensional tissue image just before the opening of the valve. Bottom: Anatomical measurements, yˆangle between septal direction and out ow tract direction, Lˆdistance from largest curvature of the intraventricular septum to the aortic annulus. Dˆdiameter of the aortic annulus (measured at peak systole). Right: Top, colour ow map (here shown in black and white) of velocities at peak systole. Bottom: velocity pro le along this line. Negative velocities because blood is moving away from the ultrasound probe. Measured and angle corrected velocities are almost identical because of the small angle between blood ow and ultrasound beam centre-line of the¯ow channel. T he¯ow velocity pro®le along this line could then be obtained, the velocities were angle-corrected according to the individual intercept angle between the assumed parall el¯ow streamlines and the ultrasound beams.
A computer worksheet was created with 70 velocity values along each diam eter, and an array of velocities was obtained in the worksheet after all consecutive frames were processed. At each of the 70 points along the chosen diam eter the time-velocity integral (T VI) was calculated. Based on the T VI pro®le the skewness parameter was calculated as the ratio of maximal T VI to the crosssectional mean T VI (max=mean T VI).
To measure the anatom ical dimensions of the out¯ow tract a two-dimensional tissue image cine loop with the colour¯ow removed was analysed as shown in Fig 1 (left panels) . T he diam eter of the AA was measured using the ®rst frame with the valve fully opened. T he septal curvature and the length of the out¯ow tract was measured using the frame just before the opening of the valve.
Sta tistic a l a na lysis
Average data are expressed as mean SEM (standard error of the mean). To test the difference between the two groups for all normally distributed variables t-tests were carried out. T he Mann±Whitney Rank Sum test was used when the data did not pass the normality test, and this was the case for the max=mean T VI. All statistical calculations were carried out using a commercially available statistical program (Sigmastat for Windows 2.0, Jandel Scienti®c, San Rafael, CA, USA). P < 0.05 was deemed to be statistically signi®cant. Table 1 shows the individual data for each animal in the two groups, the mean values are shown in Table 2 . Table 2 (1997) result of the stati stical analysis. T here were no differences in the heart rate, cardiac output and mean arterial pressure between the two groups of animals; however, the diameter of the AA, length of the LVOT and the septal angle were all larger in the larger anim als (Series 2). T he mean velocity pro®le skewness (m ax=mean T VI) was 1.107 0.01 in the small pigs and 1.216 0.026 in the larger pigs (Pˆ0.002 ), implying the larger pigs had a more skewed velocity pro®le in the AA.
Results

also shows the
Discussion
T his study in anaesthetized pigs at thoracotomy shows that the velocity distributi on in the AA is skewed with the highest velocities along the septal side in both groups of anim als. T he skewness in large pigs was more pronounced and was similar to the skewness in man (Rossvoll e t a l. 1991, Zhou e t a l. 1993, Sjo Èberg e t a l. 1994 ). T he skewness in the smaller pigs was less than in most patient categories (Zhou 1995 ) .
T he results give some indicat ion as to why, in general, single gate Doppler methods have been shown to give better results in animal than in human studies. Early Doppler vs invasive¯ow method comparisons were conducted in small animals, some of these in dogs weighing 10±25 kg (Steingart e t a l. 1980 , Fisher e t a l. 1983 . In small anim als, with ā at ter velocity pro®le in the AA than in larger animals, the placing of a single Doppler sample volume for¯ow measurements would be less critical. T herefore,¯ow method comparisons involving ultrasound Doppler methods carried out in small animals would not be relevant for similar measurements in the adult human but only for such measurements in small children (Matre & Segadal 1988 ) .
Different studies of the velocity pro®le in the AA measure the degree of skewness differently and are thus hard to compare directly. In this study we used the max=mean T VI ratio as the measure for¯ow velocity skewness, as this is the only variable that has been used by several other groups.
T here are very few studies, clinical or experimental , that try to establish the predictors for the¯ow velocity skewness in the AA. In this study the larger pigs have larger septal angles, lengths of the LVOT and diameters of the AA. T hese factors resulted in a more skewed pro®le. It is dif®cult to single out which one of these factors is the most im portant.
Earlier work showed an in¯uence on the skewness by the anatom ical shape of the intraventricular septum in the LVOT but not in the AA (Zhou e t a l. 1996) , con®rming another study (Rossvoll e t a l. 1991 ). T he difference in angle between the two series in this study is less than that in the study by Rossvoll e t a l. (1991) and we therefore believe that the angle is not the most im portant predictor for the observed difference in skewness in this study. Zhou e t a l. (1996 ) suggests that the septal angulati on does affect the¯ow velocity distribut ion in the LVOT, but this effect will gradually decrease from the LVOT downstream to the level of the AA. Because the distance from the point of maxim um angulat ion to the AA is usually variable, the effect of septal angle on the velocity distribution in the AA is unpredictable. T he septal angle increases with age in normal humans (Swinne e t a l. 1996 ) and this is probabl y also the case in our study where y was larger for Series 2 (Pˆ0.021, Table 2 ). A possible explanat ion for the different pro®le skewness is that blood needs to¯ow for some tim e before skewness develops (Fung 1997 ) . T he blood entering the LVOT will develop its skewness as it moves towards the AA. A long LVOT will therefore result in a more skewed pro®le at the AA than will a short LVOT. T he length L was more than doubled in Series 2 pigs compared to Series 1 pigs. We believe this is probabl y the most important predictor for the¯ow pro®le skewness.
Due to the large range in the length of the LVOT in this study (range 0.45±2.80 cm ) it was found to be irrelevant measuring the pro®le at different levels in the LVOT. A level of 1.0 cm would be inside the LV cavit y for Series 1 pigs and close to the aortic valve in the Series 2 pigs.
T he last anatom ical parameter that was different in the two series of pigs was the diameter of the AA. T his difference was small (on average 0.4 mm) and we do not believe this is a more important predictor than the length of the LVOT.
T he registered pro®les included errors due to several factors; lim ited resolution in the colour¯ow maps, errors due to the timesweep correction and errors in the ECG triggering procedure. However, the method has been evaluated in vit ro where it has been compared with intraluminal Doppler, and small differences between methods were found (Samstad e t a l. 1990 ).
T he im plications of this study on clinical measurement in the LVOT and AA are mainly on cardiac output measurements, most commonly performed in the AA=LVOT. With a short LVOT the positioning of the sample volume should be less critical. T he same applies for application of the continuity equat ion for measurement of the aortic valve area in valve stenosis.
Several groups have used the pig for evaluating different Doppler sam pling methods. Using small pigs would give too good a result, especially with one-dim ensional methods. T his would not be so critical for the application of two-dim ensional methods (Sun e t a l. 1997 ) , where the velocity is integrated across the lumen from colour¯ow maps and these methods would reduce the error due to pro®le skewness. However, several groups who have measured the complete luminal velocity distributi on in the ascending aorta have dem onstrated a lack of axially sym metric velocity distribut ion across the lumen in both pigs (Kvitting e t a l. 1999 ) and in humans (Klipstein e t a l. 1987, Kvitti ng e t a l. 1996). It is most likely that the pro®le in the LVOT is also not axially sym metric.
T hree-dimensional¯ow velocity methods would remove errors introduced by a nonuniform pro®le, and these are promising tools but are currently time-consuming (Kim e t a l. 1996, 1997 ) . Both 2-D and 3-D Doppler methods have been tested in vitro using sym metrical pro®les (Brandberg e t a l. 1999 ); this study and others show this is not the case with the intact heart and aorta. Doppler methods should be tested in vitro on non-symmetric pro®les, and anim al studies should be performed with animals which have pro®le skewness close to that found in humans, as in the large anim als in this study.
Conclusion
T he velocity pro®le in the AA is more skewed in large animals than in small animals and the skewness in the large animals is similar to normal adult humans. Differences of anatom y gave different geometric factors (diam eter, angle and length), resulting in a more skewed pro®le in the larger pigs, of which the length of the LVOT is probably the most im portant predictor.
T hese data show the importance of choosing anim als of suf®cient size if¯ow method investigati ons are to be performed. T his is particularly important for ultrasound Doppler investigations based on a limited sam ple of velocities across the¯ow channel.
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